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• Introduction: LHC results, naturalness

• Tensions in Supersymmetry

• Beyond MSSM 

- NMSSM and Dirac NMSSM

• Phenomenology of Dirac NMSSM

• Conclusion
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Outline



Introduction

4



• Higgs Boson

Standard Model like (spin and coupling)
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Results: Discovery and Non-discovery 

• No discovery/evidence of physics beyond the 
Standard Model (BSM) 

- constraint simple supersymmetry models 

mH
2 = 125.4 ± 0.37(stat)± 0.18(syst)GeV (ATLAS)

mH
2 = 125.7 ± 0.3(stat)± 0.3(syst)GeV (CMS)
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(""/"ν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



End of LHC Revolution?
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V = µH
2 |H |2 + λH

4
|H |4

No Symmetry for mass term

µH
2 = µH0

2 +∑ g2

16π 2 Λ
2 ~ − mH

2

2
?

For Λ=Mpl, 1030  fine-tuning 

• Naturalness problem

< H >= v = 174GeV
mH
2 = −2µH

2 = λHv
2 ≈ (125GeV)2

Δ = δmH
2

mH
2 = −2δµH

2

mH
2



MSUSY is not too far from weak-scale⇒Expect TeV SUSY!

Naturalness in electron mass and Higgs mass
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δµH

2 
g2

16π 2 Λ
2

Classical E&M

SM SUSY (softly-broken by MSUSY)

Chiral Symmetry (softly-broken by me)

 
δme 

α
π
Λ

+positron

 
δme 

3α
2π

me log
Λ
me

 
δµH

2 
g2

16π 2 MSUSY
2 log Λ2

M 2

+SUSY particle

Murayama(‘94)

103 tuning (Λ-1=10-3fm)

8min

Electron mass

Higgs mass Fermion ↔ Boson



Two Tensions in SUSY
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Tension 1: Naturalness VS mh=125 GeV

Xt ≡ At − µ cotβ

Quartic coupling→Higgs massmh
2 = λH v

2
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• Tree-level upper bound in the minimal model: MSSM

  mh  mz cos2β  91GeV

• Need large radiative corrections

Okada, Yamaguchi, Yanagida (1991)/Ellis, Ridolfi, Zwirner(1991)/Haber, Hempfling(1991)

need large mstop

λH ≤ g1
2 + g2

2

8

 
Δmh

2 
3
4π 2

mt
4

v2
logmt

2

mt
2 +

Xt
2

mt
2 1−

Xt
2

12mt
2

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

Effective quartics

tanβ ≡ vu
vd



Tension 1: Naturalness VS mh=125 GeV

 
µ d
dµ

mHu

2 ~ 3yt
2

8π 2 (2mt
2+ | At |

2 )

tanβ ≡ vu
vd

Quartic coupling→Higgs massmh
2 = λH v

2
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• Tree-level upper bound in the minimal model: MSSM

Large mstop drastically changes Higgs mass parameters  

fine-tuning of <1%

  mh  mz cos2β  91GeV λH ≤ g1
2 + g2

2

8

Xt ≡ At − µ cotβ

• Need large radiative corrections
need large mstop

 
Δmh

2 
3
4π 2

mt
4

v2
logmt

2

mt
2 +

Xt
2

mt
2 1−

Xt
2

12mt
2

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥



Fine-tuning and stop mass 

At best ~1% 
(low-scale mediation)

Δmh
= δmh

2

mh
2 = −2δµH

2

mh
2

⎛
⎝⎜

⎞
⎠⎟
(Λmed = 10TeV)

Hall, Pinner, Ruderman(’12)

12

For CMSSM, at best 
~0.1%

Suspect mh=125GeV
FeynHiggs mh=125GeV

Baer, Barger, Huang, Mickelson, Mustafayez, Tata(’12)

できれば12分



Tension II: No SUSY signal in direct search
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• ETmiss searches constraint simple models like CMSSM 
SUSY Event at LHC Limit

  m g  m q 1.7 TeV

weaker limit for compressed spectrum 

 →1TeV (Δm 300GeV)

ATLAS multijet 20fb-1, 8TeV

mLSP

m
gluino

(⇡ m
squark

)

Murayama, Nomura, Shirai, KT (‘12) Scherk-Schwarz breaking



14

 [GeV]
1t

~m
200 300 400 500 600

 [G
eV

]
10 χ∼

m

0

100

200

300

400

500

)
1

0
χ∼ m×

 = 2 
1

±
χ∼ ( m

1
±
χ∼+m

b < m
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1
±χ∼m

Observed limits Expected limits
All limits at 95% CL

ATLAS Preliminary

Status: SUSY 2013
1
0χ∼ (*) W→

1
±χ∼, 

1
±χ∼ b → 1t

~ production, 1t
~
1t

~

=8 TeVs -1 = 20-21 fbintL =7 TeVs -1 = 4.7 fbintL

0L 1308.2631
-
1L CONF-2013-037, 0L 1308.2631
2L ATLAS-CONF-2013-048
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-
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1-2L [1209.2102]

0L,
1-2L,
1L,
2L,
1-2L,

 + 5 GeV
1

0χ∼
 = m±

1
χm

 = 106 GeV±
1

χ   m
 = 150 GeV±

1
χm

 - 10 GeV
1t

~ = m±
1

χm

1

0χ∼
 m× = 2 ±

1
χ   m

 [GeV]
1t

~m
200 300 400 500 600 700

 [G
eV

]
10 χ∼

m

0

50

100

150

200

250

300

350

400
1
0χ∼ t →1t

~0L, 

1
0χ∼ t →1t

~1L, 

1
0χ∼ t →1t

~2L, 

1
0χ∼ W b →1t

~2L, 

1
0χ∼ c →1t

~0L mono-jet/c-tag, 
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1
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~ / 
1
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~ production, 1t
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~ Status: SUSY 2013

ATLAS Preliminary

-1 = 4.7 fbintL -1 21 fb≈ intL
1
0χ∼W b 

-1 = 20 fbintL

1
0χ∼c 

-1 = 20.3 fbintL

Observed limits Expected limits
All limits at 95% CL

 [1203.4171]-1CDF 2.6 fb

=8 TeVs -1 = 20 - 21 fbintL =7 TeVs -1 = 4.7 fbintL

0L CONF-2013-024

1L CONF-2013-037

2L CONF-2013-065

2L CONF-2013-048

0L mono-jet/c-tag CONF-2013-068

0L [1208.1447]

1L [1208.2590]

2L [1209.4186]

-

-

Tension II: No SUSY signal in direct search
stop limit
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Focus

Higgs Mass 
of 125 GeV

Missing 
SparticlesNaturalness

Experimental loopholes?
e.g.) RPV, Compressed ..

13 min
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Focus

Higgs Mass 
of 125 GeV

Missing
Sparticles

Natural Higgs sector beyond MSSM

Naturalness

Experimental loopholes?
e.g.) RPV, Compressed ..
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Beyond MSSM
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Beyond MSSM
Attempts beyond MSSM to accommodate Higgs mass.

• New gauge group                 non-decoupling D-term

• New field (iso-triplet, singlet) non-decoupling F-term 

Usually, new states should be at a few 100 GeV due to 
naturalness, but in Dirac NMSSM a new state relevant 
to non-decoupling effect is not necessarily light. 
Large SUSY breaking and naturalness are compatible.

‣ Two singlets   (Dirac NMSSM)

e.g.



Non-decoupling effect in NMSSM

Non-decoupling:  SUSY breaking mS needed

19

Hu

Hd Hd

Hu

−iλ2

Hu

Hd Hd

Hu

S
−iλM −iλM

⇒ V ⊃| FS |
2= | λHuHd +MS |

2

λ 2 1− M 2

M 2 +mS
2

⎛
⎝⎜

⎞
⎠⎟
|HuHd |

2

New quartic

Fine-tuning

 
µ d
dµ

mHu

2 ~ λ 2

8π 2 mS
2 + 3yt

2

8π 2 (2mt
2+ | At |

2 ) Large mS is unnatural!

W ⊃ λSHuHd +MS
2 / 2 + µHuHd

Nomura, Poland, Tweedie (’05) 
Dine, Seiberg, Thomas(’07)

 
mh
2  mZ

2 cos2 2β + λ 2 mS
2

M 2 +mS
2

⎛
⎝⎜

⎞
⎠⎟
sin2 2β + 3

4π 2
mt
4

v2
logmt

2

mt
2

M is at weak scale
簡単に！



Tension in NMSSM

Josh

Non-decoupling
Singlet feedback

fine-tuning

20

mS ≫ M mS→0

MSSM limit
Small Higgs mass at tree
Need large stop mass

fine-tuning
 
µ d
dµ

mHu

2 ~ λ 2

8π 2 mS
2 + 3yt

2

8π 2 (2mt
2+ | At |

2 )

 
mh
2  mZ

2 cos2 2β + λ 2 mS
2

M 2 +mS
2

⎛
⎝⎜

⎞
⎠⎟
sin2 2β + 3

4π 2
mt
4

v2
logmt

2

mt
2

簡単に！
右から左へ



Dirac mass of singlets

Dirac NMSSM

W ⊃ λSHuHd +MS
2 / 2 + µHuHd

21

Lu, Murayama, Ruderman, KT

W ⊃ λSHuHd +M SS + µHuHd

18 min



Non-decoupling effect in Dirac NMSSM

Non-decoupling:  SUSY breaking mSbar needed

22

Hu

Hd Hd

Hu

−iλ2

⇒ V ⊃| FS |
2= | λHuHd +MS |

2

λ 2 1− M 2

M 2 +mS
2

⎛
⎝⎜

⎞
⎠⎟
|HuHd |

2

New quartic

Fine-tuning

 
µ d
dµ

mHu

2 ~ λ 2

8π 2 mS
2 + 3yt

2

8π 2 (2mt
2+ | At |

2 )

W ⊃ λSHuHd +M SS + µHuHd

Hu

Hd Hd

Hu

S̄
−iλM −iλM

Large mSbar is OK
compatible

Naturalness ↔ Non-decoupling

 
mh
2  mZ

2 cos2 2β + λ 2 mS
2

M 2 +mS
2

⎛
⎝⎜

⎞
⎠⎟
sin2 2β + 3

4π 2
mt
4

v2
logmt

2

mt
2



M

mh

mass

mS̄

MSSM

S̄

S, S , S̄

23

>10TeV

~TeV

20 min



Symmetry
W ⊃ λSHuHd +M SS + µHuHd

24

Matter Hu Hd S S̄ µ M ✏µ ✏M
U(1)PQ �1/2 1 1 �2 �2 �2 4 �2 4
U(1)S̄ 0 0 0 0 1 0 �1 0 �1

S, S2, S3, S2SForbidden

 
(Mµ )

2MplS
2, (Mµ )

3S 3, M
2 µSS

2Suppressed

 
(Mµ )Mpl

2 SAdequate W ⊃ cSµMS

  
µ ,M ~

µ,M
Mpl

1

V soft

Dirac = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2 +m2

S̄ |S̄|
2

+�A�SHuHd +MBSSS̄ + µBHuHd + tS̄S̄ + tSS + c.c.

あっさりと！
とにかく正当化出来ると言う



Naturalness vs radiative corrections

In M→0 limit
effects of      must decoupleS

25

S̄MSSM+ S
M

m2
S̄

W ⊃ λSHuHd +M SS + µHuHd

>(10 TeV)2

ゆっくり！！Whether higher order radiative corrections is really OK for naturalness?? 2min!!



Naturalness vs radiative corrections

In M→0 limit
effects of      must decoupleS

Higgs parameters are independent of       at all orders

D≧4 D=2

mS
2

mS
2M 2 mHu

2 , mHd

2 , b
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S̄MSSM+ S
M

m2
S̄

W ⊃ λSHuHd +M SS + µHuHd

>(10 TeV)2

too high dimension

RGEs



Naturalness vs radiative corrections

In M→0 limit
effects of      must decoupleS

Higgs parameters are independent of       at all orders

D≧4 D=2
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mS
2M 2 mHu

2 , mHd

2 , b
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S̄MSSM+ S
M

m2
S̄

W ⊃ λSHuHd +M SS + µHuHd

>(10 TeV)2

too high dimension

RGEs

δmHu

2 ∝
M 2mS

2

mIR
2δmHu ,d

2 = λ 2

16π 2 M
2 log M 2 +mS

2

M 2

⎛
⎝⎜

⎞
⎠⎟

 Threshold correction            
Not analytic in mIR

log-dependence

E < mS
2

safe at all orders23 min
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Secretly Soft-breaking 
Even in presence of 
large SUSY breaking...
EFT ~ softly-broken SUSY! 

S,ψ S ,ψ S

W ⊃ λSHuHd +MSS + cSµMS

L ⊃ − | λHuHd +MS |
2 − |MS + cSµM |2

−Mψ Sψ S + h.c.

L ⊃ − | λHuHd |
2

− |MS + cSµM |2

−Mψ Sψ S + h.c.

Lack of 

Ke↵ = S̄0†S̄0 � ✓2✓̄2
�
M2|S + cS̄µ|2

�
,

S̄0 = �S̄0 + ✓ S̄ + ✓2FS̄0

We↵ = �SHuHd � ✓2
�
M D↵S D↵S̄

0�

Reintroduce superfieldmS̄ ! 1

“Semi-soft breaking”

S,S ,ψ S ,ψ S

S



Higgs mass

 
mh
2  mh,MSSM

2 (mt )+ λ
2v2 sin2 2β mS

2

M 2 +mS
2 −
| Aλ sin2β − 2µeff

† |2

M 2 +mS
2

⎧
⎨
⎩

⎫
⎬
⎭
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Radiative corrections: RG-Improved 1-loop  (At=0)
     >>Cosistent with FeynHiggs, within Δmh=1GeV for MSSM

 
V | λHuHd |

2 mS
2

M 2 +mS
2 −

λ 2

M 2 +mS
2 AλHuHd + µ*(|Hu |

2 + |Hd |
2 )

2

λ = 0.74, tanβ = 2, µeff = 150GeV,
M = 1TeV, mS = 10TeV, mS = 800GeV,
BS = 100GeV, Aλ = 0

• Potential

yt ! yt

✓
1 + (�t + �s) log

Q

mt

◆

Q = cyt

q
mt(m2

t̃
+m2

t )
1/2

• SM-like Higgs mass

25 min
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320320
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Stop massLarge SUSY 
breaking

 
mh
2  mh,MSSM

2 (mt )+ λ
2v2 sin2 2β mS
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2 −
| Aλ sin2β − 2µeff

† |2
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2
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⎨
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⎫
⎬
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Dirac NMSSM NMSSM

Choose stop mass
so that mh=125 GeV

mSmS̄



Tuning level

� =

2

m2
h

max

 
m2

Hu
,m2

Hd
,
dm2

Hu

d lnµ
L,

dm2
Hd

d lnµ
L, �m2

H , be↵

!
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Tuning measure (bottom-up) 
Kitano, Nomura(’06) 

Δ ≡ δmh
2

mh
2 ⇒

L = ln Λ
v
= 6, 30

 

dmHu

2

d lnµ
= 1
8π 2 3yt

2 (mQ3
2 +mtR

2 )+ λ 2mS
2( ) ...

Gluino contribution is not included

δmH
2 = λ 2

16π 2 M
2 log M 2 +mS

2

M 2

⎛
⎝⎜

⎞
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Dirac NMSSM NMSSM

� =

2

m2
h

max

 
m2

Hu
,m2

Hd
,
dm2

Hu

d lnµ
L,

dm2
Hd

d lnµ
L, �m2

H , be↵

!

mSmS̄
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Dirac NMSSM NMSSM

� =

2

m2
h

max

 
m2

Hu
,m2

Hd
,
dm2

Hu

d lnµ
L,

dm2
Hd

d lnµ
L, �m2

H , be↵

!

mSmS̄

30 min     max35 min



Phenomenology
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Phenomenology
• Singlets themselves are hard to probe (heavy and 

gauge-singlet)        ⇒2HDM with low tanβ

λ = 0.74, tanβ = 2, µeff = 150GeV,
M = 1TeV, mS = 10TeV, mS = 800GeV,
BS = 100GeV, Aλ = 0
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• Precision of SM-like Higgs, h, and direct search for 
heavy doublet-like Higgs, H



H direct search
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Higgs self-coupling & low tanβ
lead to H→hh decay, mH >250GeV
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2

Current Limit
mH >260GeV
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h production and decay
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Due to the mixing, h couplings with bb/ττ are lowered 
compared to SM Higgs 
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Reach in HL-LHC and ILC
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HL-ILC (Snowmass)
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Challenge for Theory
Δκ b

exp = 0.31% (at HL-LHC 4~7%)



Conclusion

• After Higgs discovery at mhiggs=125GeV, 
naturalness implies new states beyond MSSM 

• Higgs couples to Singlets with Dirac mass, Dirac 
NMSSM

• Dirac NMSSM presents a possibility that 
extremely large SUSY breaking boosts the lightest 
Higgs mass while maintaining the naturalness

• Precise Higgs coupling measuremts in HL-LHC 
and ILC can probe this scenario
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40 min



Thank you for your attention!
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NMSSM in SUSY limit
Hu

Hd Hd

Hu

−iλ2

Hu

Hd Hd

Hu

S
−iλM −iλM

Hu,d

Hu,d Hd

Hu

S
iλµ −iλM

Hu,d

Hu,d Hu,d

Hu,d

S
iλµ iλµ

=0 (in SUSY limit)

Backup
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chi-squared dist. and delta-chi-squared dist.Backup
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Coupling deviation
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RG-improved calculation
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H±

tR
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b→sγ
Backup

chargino contribution

charged Higgs contribution
*NP contributions can 

be deconstructive 

M. Misiak et al [hep-ph/0609232]

E. Barberio et al., [0808.1297] 

ΔBRDiracNMSSM(H±)~ +0.7x10-4

|ΔBRCompact|<0.2x10-4
M. Wick, W.Altmannshofer[0810.2874]

W. Altmannshofer, A. J. Buras, S. Gori, P. Paradisi, D. M. Straub[0909.1333]

3⇥ 10�4 . BR(B ! Xs�)
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